Freshwater lakes represent large methane sources that, in contrast to the Ocean, significantly contribute to non-anthropogenic methane emissions to the atmosphere. Particularly mixed lakes are major methane emitters, while permanently and seasonally stratified lakes with anoxic bottom waters are often characterized by strongly reduced methane emissions. The causes for this reduced methane flux from anoxic lake waters are not fully understood. Here we identified the microorganisms and processes responsible for the near complete consumption of methane in the anoxic waters of a permanently stratified lake, Lago di Cadagno. Interestingly, known anaerobic methanotrophs could not be detected in these waters. Instead, we found abundant gamma-proteobacterial aerobic methane-oxidizing bacteria active in the anoxic waters. In vitro incubations revealed that, among all the tested potential electron acceptors, only the addition of oxygen enhanced the rates of methane oxidation. An equally pronounced stimulation was also observed when the anoxic water samples were incubated in the light. Our combined results from molecular, biogeochemical and single-cell analyses indicate that methane removal at the anoxic chemocline of Lago di Cadagno is due to true aerobic oxidation of methane fuelled by in situ oxygen production by photosynthetic algae. A similar mechanism could be active in seasonally stratified lakes and marine basins such as the Black Sea, where light penetrates to the anoxic chemocline. Given the widespread occurrence of seasonally stratified anoxic lakes, aerobic methane oxidation coupled to oxygenic photosynthesis might have an important but so far neglected role in methane emissions from lakes.
Introduction
Freshwater lakes occupy only a small portion of the Earth's surface and yet they contribute more nonanthropogenic methane to the atmosphere (up to 16%; Bastviken et al., 2004) than the Ocean (o1%; Rhee et al., 2009) . The lower concentrations of sulphate in lake waters (mostly o0.2 mM) compared with ocean waters (28 mM) lead to enhanced degradation of organic material by methanogenesis, which is one of the main causes for higher methane emission from continental compared with marine aquatic systems. Additionally, aerobic and anaerobic methane oxidation processes act as a very efficient methane filter in marine sediments and water column (for example, Hinrichs and Boetius, 2002; Reeburgh, 2007) . In contrast, the full variety of processes responsible for methane removal in lacustrine environments is not understood nor are the key microbial players known. Mixed lakes with oxygenated water columns exhibit high rates of methane oxidation at the sediment/water interface (for example, Lidstrom and Somers, 1984) . Permanently or seasonally stratified lakes, on the other hand, show the highest rates of methane oxidation at and around the oxic/anoxic transition zone in the water column (for example, Blees et al., 2014) . In all cases, the main methane-removing process from limnic systems is considered aerobic methane oxidation, fuelled by oxygen diffusion or intrusion events from the oxic water column.
Methanotrophic microorganisms have a key role in reducing methane fluxes in oxic as well as in anoxic aquatic systems. Both bacteria and archaea possess the capacity to oxidize methane. At circumneutral pH, aerobic oxidation of methane is performed by methane-oxidizing bacteria (MOB) belonging to alpha-and gamma-proteobacteria (for a review, see Hanson and Hanson, 1996 and Trotsenko and Murrell, 2008) . The biochemical pathway for methane oxidation employed by all known MOB involves soluble and/or particulate methane monooxygenase enzymes (sMMO and pMMO, respectively). This pathway is also utilized by the bacterium Candidatus Methylomirabilis oxyfera that can couple aerobic oxidation of methane to nitrite reduction to N 2 (Raghoebarsing et al., 2006; Ettwig et al., 2008) . Interestingly, this bacterium is found in anoxic habitats, because it has the capacity to generate oxygen intracellularly from NO x (Ettwig et al., 2010) . True anaerobic oxidation of methane (AOM) is performed by anaerobic methanotrophic archaea of which three different clades are known to date (ANME-1, -2 and -3). Most commonly reported AOM in the environment is directly coupled to reduction of sulphate and occurs in sulphate-rich marine sediments (Hinrichs and Boetius, 2002; Knittel and Boetius, 2009; Milucka et al., 2012) . Recently, it has been proposed that ANME-2 archaea belonging to a new family Candidatus 'Methanoperedenaceae' might also be capable of linking AOM to nitrate reduction to nitrite (Haroon et al., 2013) . The biochemical pathway of anaerobic oxidation of methane utilized by the ANME is fundamentally different from the aerobic one and employs a set of nine enzymes, with methyl-coenzyme M reductase (MCR) being the key enzyme-activating methane (Scheller et al., 2010) . AOM coupled to reduction of metal oxides (iron and manganese) was also proposed to occur in the ocean (Beal et al., 2009; Wankel et al., 2012) and in lakes (Sivan et al., 2011) , but the mechanisms behind these processes and the responsible microorganisms have not yet been conclusively identified.
We investigated methane oxidation in the permanently stratified water column of Lago di Cadagno. This meromictic lake, unlike non-stratified lakes, hosts a very efficient methane filter and high methane fluxes from the anoxic hypolimnion are nearly completely consumed just below the oxycline. The aim of our study was to identify the biogeochemical processes and microorganisms responsible for the methane consumption.
Materials and methods

Study site
Lago di Cadagno is a meromictic lake located in the Piora valley in the southern Alps of Switzerland (1923 m altitude). Further lake and water characteristics are listed in Supplementary Material and Methods.
Sampling
Sampling was performed from a fixed platform. A SBE 19 CTD probe (Sea-Bird Electronics, Bellevue, WA, USA) equipped with oxygen and pH sensor (SBE 18 pH sensor, Sea-Bird Electronics, measurement range 0-14, accuracy 0.1 pH units) was used to measure conductivity, temperature, light transmission, pH, dissolved oxygen and turbidity. Additionally, micro-optodes (types PSt1 and TOS7 with 50-and 140-mm tip diameter, respectively, white optical isolation, PreSens, Regensburg, Germany) were used for online measurements of oxygen down to ca. 300 nmol l À 1 (2009) and ca. 20 nmol l À 1 (2011, 2013) to determine the absolute zero oxygen depth. Samples for Winkler titration were collected in order to correct for the offset in the oxygen sensor. Water samples for nutrient and chemical analyses were retrieved with a sampling system containing 12 Â 60 ml plastic syringes that could be triggered from the platform (see Kirf et al., 2014) . Water was aliquoted into respective reagents immediately after retrieval of the syringe sampler. Samples for dissolved gas analysis were preserved with NaOH (pH412) or Cu(I)Cl and closed with butyl septa avoiding air bubbles in the bottles. Samples for sulphate and sulphide were sampled into 5% ZnCl 2 , samples for ammonium were sampled into a working reagent containing orthophthaldialdehyde and samples for iron and manganese (unfiltered as well as filtered through a 0.45-mm filter) were sampled into ferrozine reagent and 1 M HCl, respectively. For manganese concentrations, water (2 ml) was acidified onsite with 45-ml ultrapure concentrated nitric acid (65%, VWR) and then kept frozen until analysis using inductively coupled plasma optical emission spectroscopy (Spectro Analytical Instruments, Kleve, Germany). Water samples for the incubation experiments were collected with Niskin bottles (General Oceanics Inc., Miami, FL, USA) or a pump system and immediately aliquoted into serum bottles, using clean rubber tubing. Each bottle was filled from bottom to top, avoiding aeration and letting bottles overflow before closing them, headspace-free, with butyl stoppers. All bottles were kept cold and dark during transport to the laboratory.
Chemical analyses
Sulphide was measured spectrophotometrically according to Cline (1969) . Ammonium was measured fluorometrically as described by Holmes et al. (1999) . Sulphate was analysed on a 761 Compact ion chromatograph (Metrohm, Filderstadt, Germany) equipped with a Metrosep A SUPP 5 column. Iron and manganese species (total and dissolved (that is, reduced)) were measured photometrically using the ferrozine assay (Stookey, 1970) and inductively coupled plasma-mass spectrometry (NEPTUNE Plus Multicollector ICP-mass Spectrometer; ThermoFisher Scientific, Bremen, Germany), respectively. retrieved by Niskin bottles and aliquoted into serum bottles as described. Bottles were kept in the dark at close to in situ temperatures (7 1C), then killed with HgCl 2 after 0, 50, 114, 162 and 210 h and measured for methane concentrations and carbon isotopic composition. Methane concentrations were measured on an Agilent 6890 gas chromatograph with a flame ionization detector (Agilent, Basel, Switzerland), a Carboxen 1010 PLOT column (Supelco, Sigma-Aldrich, Steinheim, Germany) and helium as carrier gas. Initial oven temperature was 40 1C and detector temperature was 200 1C. The temperature was kept constant at 40 1C for 5 min and then raised to 110 1C at a rate of 10 1C min À 1 . Standards (15 p.p.m., 1000 p.p.m. and 1%) used for calibration were supplied from Scott Specialty Gases (Breda, The Netherlands) and accuracy was ± 3%. Dissolved methane concentrations were calculated using the solubility data from Wiesenburg and Guinasso (1979) .
The methane isotopic composition was determined with a preconcentration unit (Trace Gas, Isoprime, Manchester, UK) connected to a mass spectrometer (Isoprime). Units are in d notation: C standard ) À 1) Â 1000, and values are referenced against the Vienna Pee Dee Belemnite standard. The fractionation factor a for methane oxidation was calculated by using the methane isotopic composition and methane concentration at different time points (for incubations) or different depths (in situ) with the following formula:
where R is the isotope ratio and C the concentration at the initial time point (0) and at subsequent time point or depths (t). The fractionation factor a for Lago di Cadagno was calculated based on the increase of d 13 C-CH 4 from an average value of À 70.2% below 11 m (11-13.5 m) to an average value of À 40.9% above 9.25 m (8-9.25 m) (Figure 1c ).
In vitro incubations with 13 C-labelled methane Experiment 1 (dark, light, oxygen, iron, manganese and photosynthetic inhibitor-addition experiments). For the 13 CH 4 incubations, lake water was collected from specific water depths with a peristaltic pump on deck connected to a home-build CTD system equipped with trace oxygen optodes and immediately filled via a tubing directly into 250 ml serum bottles, as described above. The bottles were subsequently bubbled with helium for 15 min before the addition of 10 ml of lake water saturated with 13 C-labelled methane (99%, Campro Scientific, Berlin, Germany). The final concentration of methane in the incubation was ca. 60 mmol l À 1 (that is, 13 C atom % ¼ 99). To the CH 4 -supplemented bottle, a ferrihydrite stock solution was added to a final concentration of B100 mM FeIII for the iron-addition experiment, and birnessite stock solution was added to a final concentration of B100 mM MnIV for the manganese-addition experiment. For the oxygen-addition experiment, 10 ml of CH 4 -supplemented water was replaced with oxygenated non-filtered lake water from the respective depth. For the photosynthetic inhibitor-addition experiment, we followed the standard DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) inhibition assay, previously used also in Lago di Cadagno (Camacho et al., 2001) . DCMU (dissolved in 50% ethanol) was added to a final concentration of 20 mmol l À 1 . The 13 CH 4 incubations were started immediately after sampling. Water was transferred from serum bottles into 12-ml Exetainers (Labco, High Wycombe, Buckinghamshire, UK) following the filling procedure described in Holtappels et al. (2011) . The Exetainers were incubated for up to 24 h at in situ temperatures in the dark or light. A dimmed luminescent tube with a photosynthetic active radiation (PAR) of B0.5 mEinstein, which is comparable to in situ light intensity at the chemocline (PAR ¼ 0.2-2 mEinstein), was used for the light incubations in the laboratory. Individual Exetainers were killed off after 0, 3, 6, 12 and 24 h by adding HgCl 2 to stop biological activity. Subsequently, the samples were stored at room temperature until analysis.
13 CO 2 production was determined for five individual incubation vessels per treatment after sample acidification by gas chromatography-isotope ratio mass spectrometry (GC-IRMS; Isoprime). For each depth and treatment, the rates of methane oxidation and s.es. were determined from the slope of the linear correlation between 13 CO 2 production in the individual Exetainers over time.
Experiment 2 (nitrite-and sulphate-addition experiments). For the strictly anoxic 13 CH 4 incubations with sulphate and nitrite, 1 litre of lake water was collected from specific water depths with a Niskin bottle, transferred into clean Duran bottles as described above, closed headspace-free with a butyl stopper and transported in the dark at 4 1C to the MPI laboratory (Bremen, Germany). In an anoxic hood (Mecaplex, Grenchen, Switzerland), three sterile serum bottles (156 ml) were filled with lake water (120 ml) and supplied with 1 bar ). A third bottle was incubated in parallel without any additions. All bottles were incubated at 4 1C in the dark on a shaker (40 r.p.m.). Each bottle was subsequently sampled (in a sterile and anoxic way) for 13 CO 2 , 15 N 2 , sulphate and sulphide at 0, 11, 15, 21, 28 and 37 days of incubation. Samples were sterile filtered to stop biological activity and prepared for 13 CO 2 and 15 N 2 measurements performed on a GC-IRMS (Isoprime). Sulphate (using ion chromatograph) and sulphide measurements (photometric) were performed as described above.
Experiment 3 (nanometer-scale secondary ion mass spectrometry (nanoSIMS)). Serum bottles with water samples from Lago di Cadagno (120 ml; prepared as described above) were degassed for 15 min with Helium (PanGas, Dagmersellen, Switzerland) and subsequently supplied with 10 ml of lake water (non-filtered, from the respective depth) that was degassed and subsequently saturated (B1.5 mmol CH 4 l À 1 ) with 13 C-labelled methane (99%, Campro Scientific). The final concentration of methane in the incubation was ca. 125 mmol l À 1 ( 13 C atom % ¼ 99). The samples were incubated under nearly in situ conditions by hanging the bottles into the lake at 10 m water depth. A sample for nanoSIMS analysis was taken after 5 days of incubation (see below).
Catalysed reporter deposition-fluorescence in situ hybridization (CARD-FISH) and cell marking with laser microdissection system CARD-FISH procedure was performed with following probes: ANME I-350, ANME II-538, Mgamma84 þ Mgamma705 mix, Alfa968, and Malfa450. A detailed description is listed in Supplementary Material and Methods. Cell marking was performed as described previously (Musat et al., 2008; Milucka et al., 2012) .
Nanometer-scale secondary ion mass spectrometry
Image acquisition and data processing. Filters containing hybridized cells were analysed using a NanoSIMS 50L (Cameca, Paris, France À were recorded using five electron multipliers. Obtained ion-count images were processed using Look@ NanoSIMS . Details of nano-SIMS data acquisition and processing are listed in Supplementary Material and Methods. Altogether, 12 fields of view containing 19 gamma-MOB cells were analysed in the sample from the chemocline (10 m depth), and 10 fields of view containing 39 gamma-MOB were analysed in the sample from anoxic depth (13 m depth).
Methane assimilation rate calculations. For the methane carbon assimilation rates of gamma-MOB, the biovolume was determined assuming a coccoid cell and a mean cell size of 2 mm, as determined by nanoSIMS (equals ca. 4.2 mm 3 ). For the sizeto-biomass conversion, a calibration factor of 6.4 fmol C mm À 3 was used (Musat et al., 2008) . Subsequently, the cellular methane carbon assimilation rates were calculated as the 13 C/ 12 C enrichment of the respective cells incubated with 13 CH 4 , multiplied by the average cellular biomass, and divided by 13 C-labelling % of the dissolved methane and incubation time (5 days).
Diffusive flux calculation
Diffusive fluxes (J) of CH 4 across the hypolimnionepilimnion interface were calculated assuming steady state by using the maximum concentration change (@C) over a specific depth range (@x; that is, 11.20-11.00 m) applying the Fick's first law:
Iron and manganese fluxes were calculated from concentrations of their dissolved forms over those of 20 cm of the water column at the base of the oxic zone where concentrations changed dramatically. Turbulent fluxes were calculated assuming steady-state conditions. For the flux calculations, a turbulent diffusion coefficient (that is, Eddy diffusivity D) of 1.6 Â 10 À 6 m 2 s À 1 was used, which was obtained from high-resolution temperature profiles and SF 6 tracer experiments (Uhde, 1992; Wü est, 1994) . The same turbulent diffusion coefficient was used to calculate fluxes for all other dissolved substrates (O 2 , CH 4 , SO 4 2 À ) into the zone of methane consumption in the upper part of the anoxic chemocline. For method description of the heat budget method, see Powell and Jassby (1974) .
Functional gene analyses DNA was extracted from water samples collected during two sampling campaigns. In August 2006, water samples were collected from 10.5 m (LC6), 13.5 m (LC12) and 17 m (LC14) water depths (as described by Halm et al., 2009) . During this campaign, the chemocline was found at 13.5 m. In August 2009, water samples were collected from 10 m and 13 m. During this campaign, the chemocline was found at 10 m. The genes encoding the subunit A (that is, beta subunit) of particulate methane monooxygenase (pmoA) were PCR amplified with the primers A186-A689 (Holmes et al., 1995) and A189-mb661 (Costello and Lidstrom, 1999) . The genes encoding alpha subunit of the soluble methane monooxygenase (mmoX) were targeted using primer pairs mmof882-mmor1403 (McDonald et al., 1995) , mmoXA-mmoXB (Auman and Lidstrom, 2002 ) and mmoX206f-mmoX886r (Hutchens et al., 2004) . Methyl-coenzyme M reductase genes (mcrA) were targeted using the primers ME1-ME2 (Hales et al., 1996) and MCRf-MCRr (Springer et al., 1995) . 16 rRNA of Type II putative alpha-MOB was targeted using primers Type IIF/R (Chen et al., 2007) . Additionally, nested PCR using primer pairs A189_b-cmo682 and cmo182-cmo568 specific for Candidatus Methylomirabilis oxyfera (Luesken et al., 2011) 
Results and discussion
Oxidation of methane at the chemocline of Lago di Cadagno Typical water column parameters of Lago di Cadagno in summer (late August) are shown in Figure 1 (data from 2009) and Supplementary Figure S1 (data from 2011). Oxygen concentrations dropped from ca. 300 mmol l À 1 in the surface waters below the detection limit of the oxygen sensor (1 mmol l À 1 ) at 10 m depth (Figure 1 ). The absence of oxygen from waters o10.9 m was confirmed by high-resolution amperometric microsensors (2009) and micro-optode measurements (2011; detection limit o20 nmol l À 1 ; Kirf et al., 2014) . The bottom waters contained substantial concentrations of hydrogen sulphide (ca. 40 mmol l À 1 at 13 m), which was completely oxidized at the chemocline at ca. 12 m depth (Figure 1a) , likely due to the activity of sulphide-oxidizing anoxygenic phototrophic bacteria. Sulphur bacteria such as Chromatium okenii, Chlorobium clathratiforme and Lamprocystis purpurea were shown to dominate the chemocline of Lago di Cadagno (470% of all cells; Habicht et al., 2011; Musat et al., 2008; Storelli et al., 2013) , and high densities of these bacteria were also found during our sampling campaigns (data not shown). Sulphide depletion coincided with the disappearance of ammonium (Supplementary Figure S1) , presumably due to the assimilatory activity of the abundant purple and green sulphur bacteria.
Methane concentration profiles showed a sharp decrease in the upper part of the anoxic chemocline, from 15 mmol l À 1 at 11 m to 0.2 mmol l À 1 above 10.5 m depth (Figure 1b) . The total flux of methane consumed within the anoxic chemocline was 9.8 mmol methane m À 2 d À 1 . The decrease in methane concentrations was accompanied by a strong increase in methane carbon isotope values (d 13 C-CH 4 ; Figure 1c ) from À 75 to À 65% in the anoxic layer to À 35% at 8.5 m depth, suggesting microbial methane oxidation at the chemocline. Despite their fundamentally different biochemistry, both aerobic and anaerobic oxidation of methane result in a narrow range of fractionation factors for methane carbon (a C ; 1.003-1.039 and 1.009-1.039, respectively; Holler et al., 2009; Reeburgh et al., 2006) . The fractionation factor a for Lago di Cadagno calculated from in situ d
13 C values (Figure 1c ) was 1.012 and thus within the range of fractionation factors reported so far for methane oxidation. A lower a C value for methane (1.005) was determined from in vitro anoxic incubation from 13 m depth, whereas the a C from incubations from 11 and 12 m depth was higher (1.035 and 1.024, respectively) and thus in line with values reported for aerobic from the anoxic zone (that is, from 10 and 13 m) by fluorescence in situ hybridization (CARD-FISH) with any of the used probes. Likewise, no methylcoenzyme M reductase genes (mcrA; encoding the key enzyme for archaeal methane oxidation) were detected at the investigated depths. Instead, the methane-rich anoxic and even sulphidic waters of Lago di Cadagno contained abundant aerobic alphaand gamma-proteobacterial MOB (Figures 2 and 3) . It is unlikely that the dense population of MOB (up to 0.5 million cells per ml) in the apparently anoxic chemocline settled down from the oxic zone, as MOB abundances were evenly distributed throughout both zones. The MOB activity throughout the chemocline provides further evidence for the autochthonous nature of the population of MOB in the anoxic waters (see section 'Active growth of gamma-MOB on methane').
Up to 2.4 Â 10 5 cells per ml of aerobic, putative alpha-proteobacterial methanotrophs (targeted by MAlpha450 probe; Figure 2 ) were detected in the fully anoxic water at 13 m water depth by CARD-FISH. This corresponds to ca. 1.2% of total cell counts at this depth (Figure 2) . Interestingly, the putative alpha-MOB were as abundant in the oxic water at 9 m as in the anoxic water, where they comprised ca. 1.4% of total cells. The putative alpha-MOB were oval, ca. 1-2 mm in size and were attached to particles and algae (Figure 3a) . Furthermore, gamma-proteobacterial methanotrophs (targeted by probe mix Mgamma84 þ Mgamma705) were also detected in the anoxic water. The abundance of gamma-MOB at 13 m depth was comparable to that of the alpha-MOB, but gamma-MOB were more abundant than the putative alpha-MOB in the oxic waters at 9 m and anoxic waters at 10 m (Figure 2 ). Gamma-MOB were round, ca. 2 mm in diameter and free living (Figure 3b ).
Consistent with CARD-FISH analyses, genes encoding for aerobic particulate methane monooxygenase (pmoA) could be amplified from the oxic waters, the anoxic chemocline and even the underlying sulphidic waters. All retrieved pmoA sequences belonged to gamma-proteobacterial Type I methanotrophs (Figure 3c) . Despite using three different primer pairs and samples from two independent sampling campaigns, no alpha-proteobacterial Type II pmoA sequences were retrieved. Similarly, no pmoA genes of Candidatus Methylomirabilis oxyfera were retrieved. These observations concur with those from Lake Rotsee and Lake Lugano, where only Type I gamma-MOB pmoA genes were found (Schubert et al., 2010; Blees et al., 2014) .
The inability to detect Type II MOB-related pmoA genes appears at first sight at odds with our CARD-FISH results, which indicate an abundance of putative alpha-MOB. In principle, this discrepancy could be explained by unspecific binding of the Malpha450 FISH probe, insufficient coverage of the applied pmoA primers or insufficient sequencing depths. Other studies have resolved similar contradictory results by attributing a methylotrophic rather than a methanotrophic lifestyle to the putative alpha-MOB (Wang et al., 2004; Nercessian et al., 2005) . A recent study investigating the evolution of alpha-MOB showed that several members of this group were not methanotrophs but rather facultative methylotrophs and non-methylotrophic chemoorganotrophs growing on substrates, such as sugars, alcohols and organic acids (Tamas et al., 2014) . Thus the putative alpha-MOB in Lago di Cadagno might not grow on methane but rather on other organic substrates. Consistent with this hypothesis, we could confirm the presence of putative alpha-MOB in the anoxic waters of Lago di Cadagno (Supplementary Figure S2) by using primers specific for 16S rRNA Type II alpha MOB (Type IIF/R; Chen et al., 2007) . These retrieved alpha MOB-type sequences are closely related to several facultative methylotrophic and non-methylotrophic chemoorganotrophic organisms.
All obtained Type I pmoA sequences retrieved from the oxic water, anoxic chemocline and sulphidic bottom water were closely related and belonged to the family Methylococcaceae (Figure 3c ). The nearest cultured representatives were known gamma-proteobacterial aerobic methane oxidizers, such as Methylomonas spp., Methylobacter spp., Methylomicrobium spp. and Methylovulum miyakonense. Related were also many environmental sequences from freshwater lake sediments, including Lake Washington (Nercessian et al., 2005) , Lake Constance (Bussmann et al., 2004) and Lake Pavin (Biderre-Petit et al., 2011) . Despite using two different primer pairs, no true soluble methane monooxygenase-encoding genes (mmoX) were found, consistent with reports on the absence of soluble monooxygenase in most Type I Aerobic methanotrophs in anoxic water column J Milucka et al methanotrophs (Bowman, 2006) . The absence of detectable Type II mmoX genes is in line with the fact that the putative alpha-MOB in Lago di Cadagno might not be growing on methane.
Active growth of gamma-MOB on methane Despite being obligate aerobes, some MOB are capable of surviving long periods of anoxia (Roslev and King, 1995; Hanson and Hanson, 1996) . We used nanoSIMS to confirm that the abundant aerobic MOB found in the anoxic water column were actively growing in the apparent absence of oxygen. For this, water samples were incubated under in situ conditions with 13 C-labelled methane, and single cells were analysed for methane assimilation.
Although both alpha-and gamma-MOB were found by CARD-FISH, only gamma-MOB showed a strong 13 C enrichment with an average 13 C/ 12 C ratio of 0.22 (that is, 18 atomic percent (AT%) 13 C) at 13 m and 1.1 (that is, 52 AT % 13 C) at 10 m (Figure 4 and Supplementary Figure S3) . Although the oxidation of 13 CH 4 in our incubations would produce 13 CO 2 that could subsequently be assimilated into the biomass as well, the amount of produced 13 CO 2 was considered negligible due to the short incubation time (that is, B0.2 AT% 13 C-enrichment of dissolved inorganic carbon after 5 days). This conclusion is further supported by the lack of detectable 13 C in the cells of autotrophic bacteria (such as the abundant green sulphur bacteria Chlorobium clathratiforme) in the same incubation (Figure 4) .
The uptake of labelled methane by gamma-MOB was observed in the anoxic chemocline (at 10 m, Supplementary Figure S4 ) as well as in the sulphidic zone of the water column (at 13 m, Figure 4) . The methane assimilation rates were ca. five times higher at the chemocline than at 13 m depth (5.9 fmol C per day vs 1.2 fmol C per day) but both could support growth of gamma-MOB with average doubling times of ca. 5 and 16 days, respectively. These calculated doubling times are substantially longer than the reported doubling times of cultivated relatives (for example, Methylococcus capsulatus) under laboratory conditions that are in the range of several hours (for example, Patel and Hoare, 1971) . This is likely a result of suboptimal growth conditions due to varying supply of methane and oxygen as well as the low in situ temperatures in the environment. The average recorded 13 C/ 12 C ratio of putative alpha-MOB (that is, hybridized with Malpha450 probe) in the incubation from 13 m depth (0.011) was close to natural 13 C abundance values of bulk biomass, indicating that in our in vitro incubations putative alpha-MOB did not assimilate detectable amounts of methane carbon. The average recorded 13 C/ 12 C ratio of putative alpha-MOB in the incubation from 10 m depth (0.026) was higher than natural abundance 13 C but not different from 13 C-enrichment in other (unidentified) bacteria. Because of the utilization of serine cycle for biomass formation, up to 50% of the cell material of putative alpha-MOB might be CO 2 derived (Trotsenko and Murrell, 2008) . However, even with this consideration in mind the observed uptake of methane-derived 13 C was too low to prove active growth of putative alpha-MOB in the investigated depths. Our nanoSIMS results are thus consistent with our molecular studies, which also failed to detect alpha-proteobacterial pmoA in situ (Figure 3c ). These results are also consistent with previous studies of other freshwater lakes (for example, Blees et al., 2014) , rice-field soils and wetlands Qiu et al., 2008; Bodelier et al., 2013) where predominantly gamma-MOB were found to be active.
Our nanoSIMS analyses provide clear evidence that the aerobic gamma-MOB were actively growing at and below the anoxic chemocline of Lago di Cadagno. As such, they are the most likely candidates responsible for methane oxidation in these zones. A previous study investigating active diazotrophic communities within the chemocline and hypolimnion of Lago di Cadagno has also reported active nitrogenase (nifH) gene expression by Type I methanotrophs (Halm et al., 2009) . This further supports an active role of these obligately aerobic organisms in the carbon and nitrogen cycling in the anoxic waters of Lago di Cadagno.
A proposed mechanism for methane oxidation at the chemocline of Lago di Cadagno The abundance of active obligate aerobic gamma-MOB in the anoxic water of Lago di Cadagno poses the question how oxygen-dependent oxidation of methane can operate in an apparently anoxic environment. A bacterium, Candidatus Methylomirabilis oxyfera, has recently been reported to perform aerobic methane oxidation under apparently anoxic conditions where molecular oxygen (together with N 2 ) is produced intracellularly from NO x (Ettwig et al., 2010) . Nutrient analyses showed that nitrite was non-detectable throughout the whole water column of Lago di Cadagno (data not shown), and the production of nitrite from nitrate was also unlikely as nitrate could not be detected o12.5 m depth (Halm et al., 2009) . We also could not retrieve pmoA sequences belonging to Candidatus Methylomirabilis oxyfera. Nonetheless, we further investigated the potential for nitrite-driven methane oxidation in the hypolimnion of Lago di Cadagno with in vitro substrate-addition experiments. The additions of nitrite (20 mmol l À 1 final concentration) to water collected from the anoxic depth did not stimulate methane oxidation but rather led to systematically lower methane-oxidation rates when compared with untreated controls (Supplementary Figure  S5) . Moreover, the consumption of methane and nitrite followed a fixed ratio of 1 mol CO 2 per 2 mol N 2 produced (Supplementary Figure S5) , which was substantially lower than the ratio of 3:4 expected from the stoichiometry of nitrite-dependent methane oxidation. Based on these multiple independent lines of evidence, we conclude that nitrite-driven methane oxidation (if occurring at all) does not have a major role in methane removal at the chemocline of Lago di Cadagno. The consumption of nitrite in our incubation is more likely a result of canonical denitrification as described by Halm et al. (2009) .
Flux calculations (Supplementary Figure S6 ) showed that total iron ( À 0.7 mmol m À 2 d À 1 ) and manganese ( À 1.2 mmol m À 2 d À 1 ) fluxes were much too low to oxidize methane ( À 9.8 mmol m À 2 d À 1 ) diffusing into the chemocline. Furthermore, additions of oxidized iron (in the form of ferrihydrite) and manganese (in the form of birnessite) substantially decreased or completely inhibited methane oxidation in our in vitro incubations (data not shown). In depths where methane oxidation occurred, only sulphate was present in sufficient amounts to oxidize the available methane. We could not detect methane-oxidizing archaea responsible for canonical sulphate-dependent AOM in our samples. Further in vitro experiments also showed that the amendment of sulphate reduced the rates of methane oxidation (Supplementary Figure S5) . Moreover, the observed sulphide production was not linked to methane oxidation in the 1:1 stoichiometry (that is, 1 mol HS produced for 1 mol CH 4 oxidized; Supplementary Figure S5 ) expected for AOM coupled to sulphate reduction. Given the abundance of sulphate-reducing bacteria in these depths (up to 23% of the total bacterial community; Peduzzi et al., 2003) , we speculate that the consumption of sulphate in our anoxic incubations might be a result of ongoing organoclastic sulphate reduction.
In contrast to amendments of anaerobic electron acceptors, additions of oxygen to our incubations led to an approximately fivefold increase in methane-oxidation rates at both suboxic and anoxic depths (1.12 mmol l À 1 day -1 at 11 m and 0.12 mmol l À 1 day À 1 at 13 m depth, Figure 5 ). This is intriguing, as oxygen measurements performed by us (Figure 1 and Supplementary Figure S1 ) and others (Wagener et al., 1990; Camacho et al., 2001) repeatedly failed to detect oxygen in the water at the chemocline. It is unlikely that the methane-oxidation rates observed in situ could be sustained through occasional oxygen intrusions, because Lago di Cadagno has been reported to remain strongly stratified, with the last potential mixing event in winter 1998/1999 (Tonolla et al., 2005) . Given the high abundance of oxygenic photosynthetic algae ( Figure 3a ) and diatoms (Supplementary Figure S7) at and below the chemocline (Bossard et al., 2001) , we propose that aerobic methane oxidation (as well as other aerobic processes) can be sustained in these anoxic waters via in situ production of oxygen by photosynthesis, similar to what has been hypothesized for surface wetland sediments (King, 1990) . The light conditions at the chemocline appear suitable for active photosynthesis because up to 10% of the light in the photic zone is still available at the chemocline (Halm et al., 2009; Habicht et al., 2011) . Notably, chlorophyll a measurements performed by us and others (Camacho et al., 2001; Habicht et al., 2011) show a chlorophyll a maximum at the chemocline (15.4 mg l À 1 in August 2013), overlapping with the zone where oxygen disappeared. Indeed, high rates of oxygenic photosynthesis at the chemocline were measured previously (Camacho et al., 2001) . Additional in vitro incubations in the light were set up to confirm the effect of active photosynthesis on methane oxidation. These incubations were performed during the sampling campaign in August 2011 when the oxycline was found at 11 m (Supplementary Figure S1 ) and waters o11.5 m were anoxic (as confirmed by micro-optode measurements; Kirf et al., 2014) . Control incubations in the dark showed the highest methane-oxidation rates (up to 0.7 mmol l À 1 day À 1 ) at an oxic depth (9 m), which abruptly ceased after ca. 30 h (data not shown), possibly due to the depletion of available oxygen. Incubation experiments from the oxic zone at 9 m depth did not show a significant light stimulation. Coinciding with the lower in situ oxygen concentrations, less methane was consumed in the dark incubations from the anoxic chemocline at 11 m (0.2 mmol l À 1 day À 1 ). At this depth, a fivefold stimulation of methane oxidation by light was observed. The rates (1.2 mmol l À 1 day À 1 ) in these anoxic incubations were similar to those obtained in the oxygen addition experiment (Figure 5a ). In the sulphidic waters at 13 m, no methane oxidation was measured in the dark. Just like the addition of oxygen, light treatment also strongly enhanced rates of methane oxidation (up to 0.4 mmol l À 1 day À 1 ) in our anoxic incubations from 13 m depth ( Figure 5 and Supplementary Figure S8) . Differences in the overall methane-oxidation kinetics between the treatments most likely resulted from different oxygen availability during the course of the experiments (Supplementary Figure S8) . In the oxygen treatment, oxygen was added as a single pulse at the beginning of the experiment, while the flux of dissolved oxygen resulting from photosynthesis was likely continuous during the light treatment.
A several fold increase in methane-oxidation rates in the light was also observed for the anoxic chemocline during a separate campaign to Lago di Cadagno in 2013 (Figure 5b ). During this campaign, an additional experiment with DCMU, a photosynthetic inhibitor, was performed. DCMU addition resulted in non-detectable methane-oxidation rates in the light (Figure 5b ).
Our molecular data combined with the results of the in vitro experiments indicate that methane removal at the anoxic chemocline of Lago di Cadagno is due to true aerobic oxidation of methane coupled to oxygenic photosynthesis. To the best of our knowledge, this is the first time that a coupling of these processes has been directly shown for a natural anoxic environments. Interestingly, microbial consortia of photosynthetic algae and MOB are employed in oxygen-deficient wastewater treatment plants to remove methane (Bahr et al., 2011; van der Ha et al., 2011 van der Ha et al., , 2012 . In the environment, this mechanism might occur in permanently and seasonally stratified lakes as well as marine basins such as the Black Sea, where light penetrates to the anoxic chemocline. In these anoxic waters, reduced mixing due to stratification leads to the accumulation of methane from the methanogenic sediments. Stratification, however, also reduces oxygen transport to the zone of methane oxidation. In situ oxygen production by photosynthesis overcomes this O 2 limitation and as such provides ideal conditions for aerobic methane oxidizers. In these anoxic environments, oxygenic photosynthesis most likely also fuels other microaerobic processes, such as microbial sulphide and iron oxidation. We hypothesize that such an in situ production of non-detectable oxygen concentrations might have had an important role for life in the anoxic oceans of the early Earth (Holland, 2006) .
Our combined results show that aerobic methane oxidation tightly coupled to oxygenic photosynthesis is a very efficient methane filter, almost completely consuming the methane flux in the permanently stratified Lago di Cadagno. Recent studies (Schubert et al., 2012 and references within) show that the vast majority of methane stored in the anoxic waters of seasonally stratified lakes is also effectively oxidized at the chemocline. Given the widespread occurrence of fully and seasonally stratified anoxic lakes, aerobic methane oxidation coupled to oxygenic photosynthesis might have an important but so far neglected role in regulating methane emissions from lakes.
